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A B S T R A C T

The surface antiferromagnetic ordering of MnO(001) ultrathin films has been probed using Low-energy Electron
Diffraction (LEED) and Angle-Resolved Photoemission spectroscopy (ARPES) techniques. We observe coherent
exchange scattered half-order spot in LEED which is only visible at low electron beam energy (<40 eV) and arises
below a certain temperature with a periodicity of the magnetic unit cell of MnO(001) surface, confirms its
magnetic origin. A thickness dependent evolution of surface antiferromagnetic (AFM) Néel temperature has been
observed for the MnO films. Interestingly, we found the Néel temperature of the MnO films exceed its bulk Néel
temperature even in the ultrathin limit (∼2ML). Detailed LEED analysis reveals that the increase of the Néel
temperature is due to the presence of strain and the image charge screening effect in the film while, the com-
petition between the finite size effects, surface strain, and substrate polarizability ultimately determine the
observed Néel temperature. The surface magnetic critical exponent (β1) varies from 0.16± .03 to 0.81± .03,
upon changing film thickness from 3 to 10ML, indicates the transition from nearly 2D Ising system to 3D Ising/
Heisenberg system. Furthermore, upon paramagnetic (PM)-AFM transition, ARPES energy distribution curves
(EDCs) show, opening an energy gap of 150meV with an increased occupation in the eg levels is good agreement
with the theoretical prediction of the presence of AFM-II type ordering in the film.

1. Introduction

The bulk magnetic 3d monoxides (MO; M=Ni, Co, Mn) with rock-
salt structure (NiO, CoO, MnO) are the well known antiferromagnetic
insulators. The antiferromagnetism of these oxides are well under-
standable from the superexchange mechanism which occurs through
the M-O-M network. The bulk magnetic properties of many binary
(NiO, CoO, MnO) or complex oxides (Cr2O3, Mn3O4, BaTiO3, etc.) have
been rigorously studied over the past few decades while the surface
properties even for the simple binary oxides are lacking in literatures
[1–3]. The reason could be the lack of availability of high-quality oxide
surfaces to obtain reproducible results, as the cleaved surface of oxide
single crystals are often shows poor structural quality. Another problem
is that most of these oxides are highly insulating which create diffi-
culties in electron spectroscopic measurements [4–6]. Among transition
metal oxides, MnO shows highest value of local magnetic moment
∼ μ5 B, thus, could be a model system to study the spin-dependent
properties. However, for the case of MnO single crystal, where the
cleavage along the (001) plane normally leads to a surface, which

consists of pyramids with (111) octahedral faces along with (001) [7].
These issues can be overcome by making thin films of MnO on a suitable
metallic substrates. Further, in case of thin films, we may also expect
the possibility of emerging new electronic and magnetic properties due
to confinement in a thin layer. Thus, it could be interesting to study the
magnetism of MnO in ultrathin film regime.

Although, there are many techniques available to measure bulk
antiferromagnetism, only a few techniques (SP-STM, XMLD-PEEM, etc)
[8–10] are available which can probe antiferromagnetism in the ul-
trathin film region. Recently, Batanouny et al. [11] has used Metastable
Helium Ion Scattering techniques to the NiO(001) and CoO(001) sur-
face to find out the surface antiferromagnetic structure. Long time back,
Palmberg et al. [12] had first used LEED as a technique to detect surface
antiferromagnetism of NiO(100). They have observed half order spot in
LEED, produced by exchange scattered low energy electrons, with

×(2 1) translation symmetry from the antiferromagnetic NiO below the
Néel temperature (TN ). They have also mentioned, as exchange inter-
action is very small than Coulomb interactions, the intensity of these
spots will be very small. After that, our group is using this techniques
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extensively for different antiferromagnetic system like NiO/Ag(001)
[10], 1ML Cr/Ag(001) [13,14], etc, as a probe of surface anti-
ferromagnetism.

Not only the surface antiferromagnetic ordering but also more other
valuable information can also be obtained from the temperature var-
iation of the exchange scattered half order spot intensity, like, in-plane
and out-of-plane exchange parameter [15] as well as Néel temperature
of the surface/ultrathin films [14,15]. Further, the critical exponent of
the sublattice magnetization (β) can be obtained from the fitting of the
temperature dependence of the square root of half order intensity
variation data with the universal power law of the sublattice magne-
tization, ∼ −M (T) (1 T/T )S C

β [16]. Although, there are many physical
and technological importance of transition metal oxides, as per our
knowledge, only one experimental report by Hermsmeier et. al. [17] is
available in the literature for the study of the magnetism of MnO(001)
surface. Where they have basically shown the presence of short-range
AFM order above TN for MnO(001) surface using Spin-Polarized Pho-
toelectron Diffraction (SPPD) technique. Only a few growth and
structural characterization papers of MnO(100) surface is available in
the literature [6,18–21] as maximum attention was paid to the NiO/Ag
(001) and NiO/Ni(001) systems [22–24].

In this paper, we probe the surface antiferromagnetic ordering of
MnO(001) ultrathin films by LEED technique. This is the first experi-
mental report from MnO(001) ultrathin film system, where we ob-
served the evidence of antiferromagnetism even in the ultrathin film
(∼2ML) region. Evolution of the surface antiferromagnetic Néel tem-
perature with film thickness is explored. We observe the enhancement
of Néel temperature at the surface of ultrathin film than bulk MnO even
in the case of ∼2ML MnO on Ag(001) which cannot be explained only
by considering the superexchange interactions, even though the Néel
temperature for the bulk antiferromagnetic oxides is well understood in
terms of the superexchange interactions. We have shown a combination
of superexchange interaction, finite size effects, and image charge
screening effect can explain the observed Néel temperature variation
quite well. The variation of surface magnetic critical exponent (β1) upon
film thickness has been explained using Ising and Heisenberg model.
We have also shown how the antiferromagnetic ordering affects the
valence band electronic structure of MnO.

2. Experimental details

Epitaxial MnO films have been grown on Ag(001) single crystal
substrate, prepared by standard cycles of +Ar ion sputtering (600 eV,
1μA) for 15min followed by UHV annealing at 773 K for 30min until a
sharp ×p (1 1) is observed. During the experiment, the base pressure of
the preparation chamber was ×

−1 10 10 mbar. High purity Manganese
(99.99%) was evaporated from a well-degassed water cooled e-beam
evaporator at a constant rate of 0.3Å/min, in oxygen environment
( ×

−1 10 8 mbar). The details of growth procedure for the well-ordered
MnO can be found from our previously published work [25,26]. Sample
temperature was measured by a K-type thermocouple, in contact with
the Ag(001) crystal. The crystalline quality of the films were de-
termined by a four-grid LEED apparatus (OCI Vacuum Micro-
engineering) attached to the preparation chamber. A highly-sensitive
Peltier-cooled 12-bit CCD camera was used to collect LEED images. The
gain/exposure settings of the camera and different controls of the LEED
instrument has been performed with the software control through the
computer. ARPES measurements were performed in situ inside analysis
chamber using a combination of VG SCIENTA-R4000WAL electron
energy analyzer with a 2D-CCD detector and a high flux GAMMADATA
VUV He lamp attached with a VUV monochromator, having base
pressure better than ×

−8 10 11 mbar. The details of the instrumental
setup have been described in detail elsewhere [27]. He IIα (40.8 eV)
resonance line has been used as an excitation for ARPES measurement
which has an energy resolution better than 0.1 eV, including the
thermal broadening near EF at room temperature.

3. Experimental results and discussions

3.1. Magnetism of the MnO(001)/Ag(001) system

It is well-known that the bulk MnO is an antiferromagnetic insulator
with an Néel temperature of 122 K but what about the magnetism at the
surface of the MnO(001) ultrathin film? To elucidate, if there is any
evidence of antiferromagnetism in the ultrathin MnO(001) films, we
have cooled down the well-ordered ×p (1 1) MnO(001) sample,
keeping under the LEED screen. During cooling, after a critical tem-
perature, a few extra spots [see Fig. 1(c)-(f)] arises in the midway
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Fig. 1. LEED images (reverse contrast) at primary electron beam energy (EP) of 20 eV and at LN2 temperature (108 K) from (a) clean Ag(001) substrate and MnO film
thickness of (b) 1ML (c) 2ML (d) 3ML (e) 6ML (f) 10ML. Dotted circles represent the half order spot positions and the square shape dotted line shows the ×p (1 1)
unit cell of MnO(001).
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position between (0,0) spot and the ×(1 1) spots and these extra spots
are only visible in the low electron beam energy (12–35 eV). We called
these spots as half-order spot as it arises in the midway position be-
tween (0,0) spot and the ×(1 1) spots. Appearance of these extra spots
could be due to the presence of magnetic ×p (2 1) twin domain struc-
ture, similar to the case of NiO [12]. Fig. 1(a), shows the LEED image of
a clean Ag(001) surface at 20 eV electron beam energy. We did not find
any spots in the image [see Fig. 1(a)], as the first order diffraction spots
are out of the field-of-view due to the low energy of the electron beam.
Fig. 1(b)-(f), represents the LEED images of the 1ML, 2ML, 3ML, 6ML
and 10ML film coverages of MnO, which are taken at liquid nitrogen
(LN2) temperature (108 K) with a primary electron beam energy of
20 eV. LEED images are taken at 20 eV energy to get the maximum
intensity of the exchange scattered spots. For 1 ML MnO/Ag(001), we
do not observe any distinct spots in the LEED images at 20 eV, but only
find weak line stripes connecting (0, 0) spots with the integer order
spot. These stripes are likely due to the strain-induced mosaic pattern of
the film as there is 8% lattice mismatch between Ag and MnO. But for
2ML MnO, we find faint and broad intensity arising in the half-order
spot positions, indicated by the circular white dotted circle in the
Fig. 1(c), and these spots are prominent for the higher film thickness.
The intensity of these half-order spots are only (2%–3%) of the integer
order spots. The appearance of these extra spots can be explained easily
by the magnetic unit cell structure of MnO, similar to the case of NiO.
Schematic diagram of the magnetic unit cell of MnO is shown in the
Fig. 2(a), where the arrangement of +Mn2 ions in a magnetic unit cell of
MnO are shown. In MnO crystal, magnetic moments are aligned parallel
within (111) planes and is antiparallel between adjacent planes [28].
The red and black arrow shows the spin directions between two con-
secutive (111) planes. Spin arrangements of the MnO(001) surface are
shown in Fig. 2(b). It is clear that the spin arrangement of the MnO
(001) surface has a ×p (2 1) translation symmetry with respect to the
chemical unit cell of the MnO. Thus, if low energy electrons fall on the
MnO(001) surface then the scattered electrons from the ×p (2 1)
magnetic unit cell of MnO, are expected to show ×p (2 1) twin-domains
structure. Due to the fourfold symmetry of the surface of MnO(001),
twin-domains appear in LEED at the right angle to each other. But, the
problem is that the occurrence of the twin domains (half-order) spots in
LEED can be due to the structural or magnetic origin. But, structural
spots can be separated from the magnetic spots by examining a few
properties of these spots. The structural half-order spots should be seen
at any electron beam energy with an intensity comparable to the integer

order spots, as both spots originating from the Coulomb scattering.
Further, the intensity of the structural half-order spots should not
change much with the temperature. In order to rule out the possibility
of structural half order spots in our experiment, we have checked how
the half-order spot intensity varies with the incident electron beam
energy (see Fig. 3). From Fig. 3, it is clear that the intensity of the (1/
2,0) spot is maximum at 20 eV and then decreases with increasing
electron beam energy and further increase at 29 eV and beyond that no
peaks can be identified. The poor statistics for the measured I-V curve in
Fig. 3 is due to the weak intensity of the half-order spots. These peaks at
20 and 29 eV are originating due to the formation of antiferromagnetic
twin-domain structure. Because, each half-order spot visible in LEED is
composed of the normal projections from the two magnetic reciprocal
lattice points separated by their kz coordinates [29,30]. With the var-
iation of electrons kinetic energy, we are mainly sensitive to the dif-
ferent kz planes in the reciprocal space. Thus, we are sensitive to the
two different magnetic twin domains in those two-particular energies.
Similar variation of the (1/2,0) spot intensity with the electron beam
energy has also reported for prototypical system, e.g., NiO, where their
origin could successfully be interpreted in terms of antiferromagneic
twin-domain structure [10,30]. In fact, for the NiO(001), these twin-
domains are fully resolved from the dark-field LEEM images taken at
these two energies where the half-order LEED-IV shows maximum in-
tensity [30]. On the other hand, a typical temperature dependence of
these spots (see Fig. 4), occurs below a certain critical temperature with
the intensity of the spots only (2%–3%) of the integer order spots and
only visible at low electron beam energies (<35 eV), confirms its anti-
ferromagnetic origin. It is only visible at low electron beam energies
because the cross-section of exchange scattering decreases sharply with
increasing electron beam energy [12]. A rough estimation of the
average antiferromagnetic domains size can be obtained from the full
width at half maximum (FWHM) of the half-order spots [20,31]. The
estimated average domain size for 10ML MnO film is about 6 nm.

The Néel temperature of the films can be estimated from the tem-
perature dependence of the half-order spots intensity plot [12]. Gen-
erally, LEED spots intensity are known to decrease with increasing
temperature due to the thermal motion of atoms (i.e., lattice vibration).
According to the single scattering theory, the intensity is reduced by the
Debye–Waller factor −e W2 , where W is proportional to temperature T
[32]. The Debye–Waller factor was calculated from the temperature
dependence of the specular spot intensity, similar way as reported by
Hanf et al. [16]. The variation of the normalized half-order spots in-
tensity (i.e., the intensity of the half-order spot is divided by its highest
intensity) with temperature has been plotted for the different film
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Fig. 2. schematic diagram of the arrangements of +Mn2 (sphere) in the MnO.
The −O2 ions are not shown in the figure. In each (111) planes, magnetic mo-
ments are aligned parallel to the plane and it is antiparallel between con-
secutive (111) planes. Where red and black arrow represents the spin directions
between two consecutive (111) planes. (b) Shows the Arrangements of +Mn2

ions in the MnO(100) surface. Where the black filled and open circles represent
the spin down and spin up respectively. The dotted rectangle in Fig. 2(b) re-
presents the ×(2 1) magnetic unit cell.
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thickness of MnO in Fig. 4(a)-(c). The open and the solid circles re-
present the intensity of the half-order spot before and after Debye–-
waller factor correction, respectively. The continuous line is the poly-
nomial fitted curve after Debye–Waller factor correction. We do not
observe much effects of the Debye–Waller factors in our experiment as
the lattice vibration effects are expected to be very less in our measured
temperature ranges, 108 to 155 K.

In Fig. 4(a) to (c), the temperature above which the intensity of the
half-order spot vanishes is defined as the surface Néel temperature of
the film, similar to the reported by Palmberg et al. [12]. The surface
Néel temperature is estimated from the cutting point of the tangent
(dotted line) to the temperature axis. Fig. 4(d) shows the variation of
the Néel temperature of MnO with the film thickness. No temperature
dependence data has been shown for 2ML film thickness due to the
faint intensity of the half-order spots. But we have estimated the Néel
temperature by looking at the LEED images and it is found to be around
129 K. From Fig. 4(d), it is clear that with increasing film thickness, the
Néel temperature increases and after a certain film thickness of 6ML it
is nearly constant. This saturated value of the Néel temperature is about
23 K higher than the bulk Néel temperature of MnO (122 K). Generally,
the magnetism and the Néel temperature of the simple bulk anti-
ferromagnetic oxides are well understood in terms of superexchange
interactions strength. However, the observed Néel temperature (TN )
variation in our experiment cannot be explained only by considering
the simple superexchange effect (i.e., the Mn 3d-O 2p hybridization).
As, Ag has 8% lower lattice parameter than MnO, thus, in the low film
coverage, the MnO lattice is subjected to in-plane compressive stress
[25] which increases the Mn 3d-O 2p hybridization. This increased
hybridization, in turn, leads to an enhanced superexchange strength,
resulting enhancement of TN . By only considering superexchange

interactions, as with increasing film thickness the surface strain relaxes,
the TN of the films is expected to decrease due to the decreased su-
perexchange strength. However, our experimental results show just the
opposite effect [see Fig. 4(d)], where the TN is found to increase with
increasing film thickness.

This variation of TN with film thickness can be explained by taking
the combined effect of the substrate induced strain and the change in
the number of nearest neighbor atoms (surface coordination number)
with film thickness. For low film thickness, although strain is trying to
increase the superexchange interaction while due to the reduced
number of nearest neighbors, it again tries to decrease the super-
exchange interaction. For the intermediate film thickness regime, the
superexchange is dominated due to the increased number of nearest
neighbors (or enhanced finite-size effects) over the strain relaxation
effect, resulting increase of TN with increasing film thickness. Our
previous study [25] shows that, for 6ML film thickness and above, most
of the strain in the film has relaxed and the number of the nearest
neighbors do not change much (finite-size effects are nearly saturated),
leading to the near saturation of the Néel temperature (TN ).

From Fig. 4(d), it is clear that the Néel temperature for the 10ML
film is 145 K, which is 23 K more than the bulk Néel temperature value
of MnO. Interestingly, even for the 2ML MnO film the TN is higher than
the bulk TN , which can be explained by the enhanced Mn 3d-O 2p hy-
bridization resulting from the in-plane compressive strain. But the
question still remains why the TN of 10ML MnO film is higher than its
bulk value, despite the near-absence of strain effects and finite-size
effects? This can be explained by taking into account the effect of image
charge screening due to the proximity to the highly polarizable sub-
strate Ag(001) [33]. As suggested by Altieri et al. [33], due to the
proximity of a strongly polarizable medium, the superexchange
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interactions, and thus the magnetic ordering temperatures can be in-
creased by reducing the energies of the underlying virtual charge ex-
citations as a result of the image charge like screening. We are ex-
pecting the similar effect is also applicable in our system. Thus, the
superexchange strength is increased in the MnO films due to the image
charge screening effect, as a result TN of the films is increased beyond
the bulk TN . It should be noted that for the case of 1 ML MnO(001) film,
we do not observe any half-order spots. The absence of the half-order
spot does not mean that the film is not antiferromagnet. It is possible
that the Néel temperature of the 1ML film is lower than the measuring
limit (<108 K) in our experimental setup. It will be interesting to ex-
plore the magnetism of the 1ML MnO film and will be the subject of a
future study.

Further, to understand whether the system belongs to Heisenberg/
Ising or mean-field model, we have estimated the surface magnetic
critical exponent (β1) using the relation = −M T T T( ) (1 / )S N

β1. As sub-
lattice magnetization ( TM ( )S ) depends on the square-root of the ex-
change scattered half-ordered spot intensity, thus this equation can be
written as

= −I T T T( ) (1 / )N
β1/2 1

= −ln I β ln T T( ) 2 (1 / )N1

Thus, the plot of the ln(I) vs. ln(1-T/TN ) will be straight line with a slope
2β1. In Fig. 5(a), the experimental plot of ln(I) vs. ln(1-T/TN ) for the
10ML MnO films in the temperature ranges, 0.82–0.98 TN is presented.
The obtained value of the critical exponent for the 10ML film is
β1 =0.81± .03. This value of critical exponent for the surface sublattice
magnetization is very close to the Heisenberg model (β1 =0.81) [34]
and 3D Ising model (β1 =0.78–0.8) [35,36]. Using Ising formalism, this
type of transition is called ordinary transition; where this <J J/ 1s b re-
lation is maintained [34]. The Js and the Jb are the surface and bulk
exchange parameter, respectively. The nature of the temperature de-
pendence half-order spot intensity profile also suggests this <J J/ 1s b
relation [37,34]. This relation also implies that the surface magnetic
ordering temperature (Ts =145 K) is force to follow the same value of
the bulk magnetic ordering temperature (Tb), because of the influence
of strong bulk field [34]. Thus, we also expect the enhancement of the
bulk antiferromagnetic Néel temperature for this MnO/Ag(001) system
than the bulk single crystal MnO. However, we can not use LEED as a
probe for the bulk antiferromagnetic Néel temperature as it is only
sensitive to the surface magnetism. Bulk sensitive techniques, like,
Neutron diffraction experiment is needed for the further understanding
of this aspect. For the NiO(001) single crystal, the nearly similar value
of the critical exponent (β =0.89± .01) is reported by Kazumichi et al.
[38]. We have also calculated the value of critical exponent for the case
of 3ML, where the obtained value is β1 =0.16± .03 (see Fig. 5(b)).

This value of critical exponent falls in the range of 2D Ising model
(β =0.125) and special-transition of Ising system (β1 =0.175) [34].
This is also an expected behaviour as for the 3ML case the properties of
the film can not be completely reached to its bulk counterpart and the
film should behave as a nearly 2D system.

3.2. Valence band electronic structure of MnO film

From the LEED study, we have already shown that there are dif-
ferent types of LEED structure arises in two different magnetic phases
(PM and AFM) of MnO(001). Now, we will show how these magnetic
structures affect the electronic structure of the material. Fig. 6 shows
the variation of the EDCs for PM and AFM phase of 10 ML MnO(001)
film grown on Ag(001). In Fig. 6, the origin of all the peaks can be well-
explained using ligand field theory combined with configuration-in-
teraction (CI) cluster approach [31]. Photoemission initial state of +Mn2

(3d5) ion has A g
6

1 symmetry and after removing one 3d electron from t g2
or eg, the photoemission final state is t g

5
2 and eg

5 symmetry. But the real
final state is a mixture of Mn 3d-hole and O 2p-hole (d4-d5 L) states, so in
addition to the t g

5
2 and eg

5 final states, there are also t g
7

2 and eg
7 states.

Because we have d6 L state (due to the transfer of the sixth ‘d’ electron
from ligand to the +Mn2 ion) mixed to the ground state and after
photoionization of the sixth ‘d’ electron, leaving behind a d5 L will be
the final state which has t g

7
2 and eg

7 symmetry states. The peaks ‘a’ and
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‘b’ in Fig. 6, is mainly the eg
5 and t g

5
2 state. The other peaks in the

spectra arises due to the hybridization of O 2p with the t g
7

2 and eg
7

states. Low temperature spectra (AFM phase) shows, the band edge
shifts towards higher binding energy by ∼150meV, compared to the PM
phase, indicating the AFM state is more insulating than PM state. Fur-
ther, it is also observed that in the AFM phase, eg

5 state is sharper than
in the PM phase while no change has been observed for the t g

5
2 state.

Hermsmeier et al. [39], has investigated the valence band EDCs of MnO
(001), below and above TN and shown that below TN the valence band is
broader than PM phase which is exactly opposite to our results. While
they could not reach any conclusion to interpret their results. Our ob-
servation of band narrowing and sharper eg

5 state in the AFM phase is
consistent with the band structure calculation for the AFM-II phase of
MnO using Augmented Spherical Wave (ASW) method by Terakura
et al. [40]. They have predicted that the decrease of the ‘dd’ hopping
during the PM to AFM transition as the origin of the sharpening of eg

5

state as well as the gap opening in the AFM phase. However, no big
changes in the spectral features between AFM and PM phase have been
found. This could be due to the presence of short-range anti-
ferromagnetic ordering in the MnO films even at higher temperatures
than its Néel temperature. The presence of short-range anti-
ferromagnetic ordering for bulk MnO is already confirmed by neutron
diffraction and SPPD experiments [17,41,42].

4. Conclusion

In summary, we have used LEED as a technique for the probe of
surface antiferromagnetism and shown that Néel temperature of the
film can be estimated from the intensity vs. temperature curve of the
magnetic half order spots in LEED. In our experiments, half order spots
have been observed due to the low energy exchange-scattered electrons
from the MnO(001) surface with the periodicity of the magnetic unit
cell of MnO. Observation of the half order spot at low electron beam
energy (<40 eV), below a certain temperature, and its typical tem-
perature dependence, confirms its antiferromagnetic origin. Variation
of Néel temperature with film thickness has been discussed. The higher
value of the obtained Néel temperature for the MnO ultrathin films than
the bulk Néel temperature value has been well discussed by the com-
bined effect of superexchange interaction, finite-size effects and image
charge screening effect. The surface magnetic critical exponent (β1)
varies from 0.16± .03 to 0.81± .03, upon changing film thickness from
3 to 10ML, indicates the transition from nearly 2D Ising system to 3D
Ising/Heisenberg system. Our study also shows how the anti-
ferromagnetic ordering affects the valence band electronic structure of
MnO. Furthermore, we observed band narrowing effects and shar-
pening of Eg

5 state and opening a gap of 150meV in the AFM phase
than the PM phase, consistent with the reported band structure calcu-
lation for the AFM-II phase of MnO.
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